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PREFACE 
The work reported in this thesis is part of a series of 
experirrents conducted by my supervisor, Dr I .R. Cowan, and myself; 
(a) to investigate the applicability of micrometeorological 
methods to the estimation of heat and water vapour fluxes 
from a patterned plant community, 
and 
(b) to investigate the influence of surface geometry and 
other properties in determining the partition of radiant 
energy into sensible and latent heat. 
The form of the thesis is the sequential analysis used. 
The aims are stated and placed in perspective in Chapter l. 
The site and the extensive instrumentation used is summarized in 
Chapter 2. 
The analysis is begun by investigation of the transfers 
occurring 1n the turbulent boundary-layer well above the vines. 
Estimates of the fluxes of heat, water vapour and momentum are 
vi 
obtained. The shearing stress generated by the field is of importance 
for it also largely determines the atmospheric transport characteristics 
for sensible heat and water vapour and so can be used to relate 
transfers occurring at the soil and foliage surfaces. 
The distribution of the net radiant energy flux between the 
soil and foliage surfaces was then attempted. This could not be 
achieved by measurerrent alone so a model developed by Dr I . R. Cowan was 
used to supplement the empirical data. The results of two checks of 
this model suggest that the net radiation flux was correctly distributed 
between the two surfaces. 
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The partition of the net radiation flux at each surface was 
attempted by model ling the contributions of each surface to the sensible 
heat flux from the field as a whole. A series of physically sensible 
models were tested by linear-regression analysis; the independent 
variables of each model could in turn be related to the properties of 
the gross boundary-layer over the field. Consideration of these 
relationships demonstrated the influence of the geometry of the two 
exchange surfaces, soil and vines, on the overall transfer of 
sensible heat and momentum. 
The partition of the net radiation flux into latent heat 
at each surface was determined as a remainder term after using the 
regression analysis to calculate the sensible heat flux. A 
1 potential 1 or 'virtual I evaporation for each surface was also 
calculated to examine the factors controlling evaporation at each 
surface. The soil surface was shown to behave predictably whereas 
evaporation from the foliage was determined largely by a finite 
stomatal conductance at the leaf surface. This influence was 
examined further and the implications for agrometeorology generally, 
were discussed. 
I 
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CHAPTER 1 
The Problem In Perspective 
Introduction 
The presence and nature of vegetation influences the exchange 
of energy and mass at the earth-atmosphere interface. This has been 
recognized in the past by geophysicists and included in explanations of 
climatological and meteorological phenomena (Geiger, 1965; Miller, 
1965). But micrometeorologists investigating the lowest part of the 
atmospheric boundary-layer tended to ignore the vegetation-atmosphere 
interface almost completely as pointed out by Penman (1951) and 
Inoue (1963). 
This has now changed. In the last two decades there has been 
a large effort made towards the understanding of the coupling of plants 
to their environment. Particularly, this understanding has been 
required for the manipulation of the factors controlling crop yield 
(Waggoner, 1969; Loomis et al., 1971) and crop water use (Waggoner and 
Reifsnyder, 1968; Lemon, 1965). The advances made have come from two 
differing directions. Physicists began to investigate exchange 
processes occurring within plant canopies as interesting problems per se 
(Penman and Long, 1960; Phi 1 ip, 1964; Brown and Covey, 1966). 
Secondly plant physiologists began to understand how plant physiological 
activity was reflected in these micrometeorological measurements 
( Be g g et al . , 1 9 6 4 ; De n me ad , 1 9 6 8 a , b , 1 9 6 9 a , 1 9 7 0 ; Lemon , 1 9 6 8 , 1 9 6 9 ) ; 
the latter through the use of widely unifying physically based concepts. 
The most useful of these has been that of the Soi 1-Plant-Atmosphere-
C on t i n u um ( Cow a n , 1 9 6 5 ; Ph i 1 i p , 1 9 6 6 ; M i 1 1 i n g ton a n d Pe t e rs , 1 9 6 9 ) . 
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It is of interest to follow the development of this combination 
of micrometeorology and plant physiology. The measurement of evaporation 
over vegetated surfaces has a long history (Deacon et al., 1958; 
Penman, 1963; Webb, 1965). The experimental approach and techniques 
used have been those currently used in micrometeorological research. The 
theoretical development has been pragmatic . The Reynolds Analogy that, 
in turbulent flow, heat and momentum are transported in the same way 
(Sutton, 1953; Goldstein, 1965) has been extended to the transport of 
mass also. That is, the coefficients of turbulent diffusion of all three 
entities are identical. This assumption greatly simplifies experimental 
procedures; knowing the vertical gradients in the concentrations of the 
various entities, one needs only to have an independent estimate of the 
flux corresponding to one gradient in order to obtain the others by 
similarity. Commonly the flux of momentum is derived from the shape of 
the wind profile and used, then, to find the flux of water vapour, 
carbon dioxide, etc. This is the principle underlying the 'Aerodynamic 
Method' (Priestley, 1968; Tanner, 1967). 
A second approach has stemmed from the work of Bowen (1926) 
and bears his name. The Bowen ratio method of estimating heat and water 
vapour fluxes also assumes similarity of the processes of transfer. In 
this method the independently estimated flux is the sum of the sensible 
heat and latent heat fluxes, which is equated to the net flux of 
radiant energy to the underlying surface, together with additional 
sources or sinks of energy associated with change in temperature of 
soi 1 and vegetation. 
The 'Combination Method' of measuring evaporation is so named 
because it combines aspects of both Aerodynamic and Bowen ratio methods. 
The formulation of Penman (1948) eliminated the parameters of temperature 
I 
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and water vapour pressure at the surface by assuming that the surface 
is water vapour saturated so defining a potential evaporation. Useful 
summaries and extensions of this method are given in Slayter and 
Mel lroy (1961); Monteith (1965) and Penman et al., (1967) with 
analyses of these extensions given in Tanner and Fuchs (1968) and 
Cowan (1968b). 
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Both the Aerodynamic and Combination methods can only be 
first approximations, for it is known that the fluxes of sensible heat 
and momentum interact (Swinbank and Dyer, 1967), and that the Reynolds 
Analogy is val id only under adiabatic atmospheric conditions. At 
other times the transfer coefficient of momentum differs from that of 
heat or mass (Crawford, 1965; Dyer, 1967). This error can be 
minimized when measurements are made near the surface where the ratio 
of shearing to buoyancy forces is greatest. 
More recently the similarity theory has been applied to the 
air layers within leaf canopies to estimate the fluxes and flux-
divergence of heat, water vapour and carbon dioxide. The 'Momentum 
Balance' method of Lemon and colleagues (Lemon, 1968) and the 'Surface 
Resistance' method of Monteith (Monteith, 1963, 1965; van Bavel et al.~ 
1967; van Bavel, 1967; Szeicz et al.~ 1969; Szeicz and Long, 1969) 
are examples of this. Here, however, the analogy is unlikely to hold 
even as a first approximation, for, whenever surface conditions are 
included in the calculation of fluxes, there is need to consider the 
molecular sub-layer and incorporate in some way a coefficient of 
molecular diffusivity for each molecular species (Sheppard, 1958). At 
aerodynamically rough surfaces, such as leaves, momentum dissipation 
will occur both through pressure fields ar1s1ng from form drag and 
through molecular diffusion, i.e. skin friction. The simultaneous 
I 
transfer of heat and mass at the surfaces is restricted to molecular 
diffusion alone (Barry, 1965; Chamberlain, 1966, 1968; Thom, 1968). 
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Within a plant canopy the disparity in surface transfer 
between momentum, heat and mass will give rise to independent vertical 
distributions of flux divergence. This has been recognized by Philip 
(1964, 1966) and by Cowan (1968a) who developed a theoretical treatment 
of the transport of heat, water vapour and momentum within an horizont-
ally uniform plant canopy. Included as well in this model, which 
showed good agreement with published experimental results, is the 
condition of a variable stomatal conductance at the leaf surface. 
Thom (1968) has published experimental data dealing with the disparity 
in exchanges of momentum, mass and heat obtained for a single artificial 
leaf in a wind tunnel at wind speeds similar to those found within a 
crop canopy, and has extended the analysis to whole canopies (Thom, 1972). 
If one now considers plant communities that are not horizontally 
uniform, for example sparse plant communities such as shrub steppes or 
agricultural crops such as orchards, one might expect that similarity 
will not hold within those parts of the atmosphere 1n which the flow is 
strongly disturbed by the local characteristics of the vegetation. Here 
the spaced individual plants would serve as the site for most of the 
momentum dissipation, while the interacting exchanges of heat and mass 
from both soil and plant surfaces may be controlled by surface conduct-
ances, themselves subject to influences by other differing environmental 
factors. Such a system might be expected to show both vertical and 
horizontal disparity 1n flux divergence of momentum as compared with 
heat and mass. 
I 
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The Problem is Stated 
The work reported 1n this thesis 1s part of a series of 
experiments conducted by my supervisor, Dr I .R. Cowan, and myself; 
(a) to investigate the applicability of micrometeorological 
methods to the estimation of heat and water vapour fluxes 
from a patterned plant community, 
and 
(b) to investigate the influence of surface geometry and 
other properties in determining the partition of radiant 
energy into sensible and latent heat. 
A vine field was chosen as the experimental surface because 
the regular row plant patterning appeared as a useful first approxima-
tion of the pattern of natural plant communities. 
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Though primarily interested in the partition of the net 
radiation flux into heat and vapour fluxes, the transfer of momentum was 
also studied. This is of prime importance since it is the shear 
produced by the passage of the wind over the surface that largely 
determines the transport characteristics of the atmosphere for heat and 
water vapour. This is so whether or not the Reynolds analogy holds. 
Literature Review 
I was able to find few literature reports describing micro-
meteoro logical experiments on patterned plant communities. Of these, 
( Randa 11 , 1970; van Hy l ckama, 1970; Ka l ma and S tanh i l l , 1969), most a re 
general with little analysis of the meas urements in terms of the 
characteristics of the surface. The work of Marshall (1970, 1971) 1s an 
exception . 
I 
-..,-----------------------------------.. 
6 
A search for analogies led to the large literature of 
shelter-belt studies (van Eimern, 1964; Rosenberg, 1969; Plate, 1971) 
and of wind tunnel studies (Horner, 1965; Schlichting, 1968). From 
these sources it was possible to make very general hypotheses about 
the nature of momentum transfer to the vine field. The morphology of 
the vine canopy differs from the usual wind tunnel roughness elements, 
being elevated, permeable and capable of deformation. Though it can 
be predicted that the vine rows wi 11 act as bluff bodies for most 
atmospheric conditions, it is difficult to specify precise behaviour, 
for in the field the speed, attack angle and turbulence level of the 
approaching wind wi 11 vary markedly over the diurnal cycle . Both 
turbulence level and angle of attack alters the drag coefficient of 
sharp-edged bodies (McLaren et al., 1969a,b; Bearman, 1968). Canopy 
distortion can be considerable . Measurements with mature fir trees 
give drag coefficie~ts that varied linearly with windspeed (Raymer, 
1964; cf ., Meroney, 1968), though this behaviour is unlikely to be 
matched by the more densely clustered foliage of the vine plants. 
Wind tunnel studies on the breakdown of the Reynolds analogy 
at surfaces that have relevance to micrometeorology are those of 
Chamberlain (1966, 1968) . He analysed measurements of evaporation and 
radionuclide deposition obtained for a range of sol id roughness elements 
in terms of a dimensionless number B-l which was a measure of the 
difference in the rate of transport of mass or heat and momentum to or 
from the surface and is related to the surface roughness parameter 
(z
0
) of the array of elements . This formulation has been used by 
Galbally (1971) to interpret the destruction of atmospheric ozone on 
natural surfaces. 
I 
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Using replicas of complex groupings of plant parts, in this 
case the needle-1 ike leaves of spruce, Landsberg and Thom (1971) demon-
strated that, whi 1st there were differences in the transfer coefficients 
of momentum and water vapour, there was also mutual aerodynamic inter-
ference between the component parts tending to reduce the flux per unit 
area as the needle density increases. Trre 'shelter effect' affected 
equally the transfer of water vapour and momentum. This suggests that 
for the vine field, even though canopy flow might occur, the foliage 
might effectively be regarded as an exchange surface rather than an 
exchange volume . In the field both soi 1 and plant surfaces will be 
exchanging heat, water vapour and momentum with the atmosphere and the 
contributions of each surface to this exchange wi 11 be a strong 
function of both attack angle of the wind (for the shear stress and 
attack angle together determine the magnitude of the atmospheric 
transfer coefficients close to the surfaces where conditions are not 
much affected by stabi 1 ity) and prevailing surface conditions . 
Considering now the non-aerodynamic resistance to mass 
exchange at leaf surfaces: there has been much debate on the dominance 
or otherwide of stomatal conductance in influencing the rate of 
evaporation from a plant canopy as a whole (Mi lthorpe, 1961; 
Denmead, 1964; Lee, 1967, 1968a,b; ldso, 1968; van Bavel, 1968) . 
This debate has unfortunately been characterized by the absence of 
simultaneous data for both stomatal behaviour and evaporation . Two 
theoretical treatments and three reports of experiments indicate the 
role of stomata in determining evaporation rates from a stand of plants . 
The influence of stomatal conductance in determining the pa r tition of 
the available energy has been demonstrated in the detailed theoretical 
analysis of Cowan (1968a), (see also Cowan and Milthorpe, 1968a,b) 
which considers the influence of both stomatal conductance and the 
I 
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atmospheric transport away from the leaves. Neglect of the latter 
factor has rendered many of the previous arguments invalid (Gates and 
Hanks, 1967) . In a more indirect theoretical treatment, Waggoner and 
Reifsnyder (1968) were unable to obtain good agreement between measured 
and simulated profiles of temperature and humidity within a pine forest 
canopy unless a function relating stomatal conductance and illumination 
was included. 
In experimental perturbations of the stomatal conductance of 
whole plant canopies by chemicals, Monteith et al., (1965), Turner 
and Waggoner (1968) and Waggoner and Bravdo (1967) were able to 
correlate changed evaporative fluxes with changes in stomatal conduct-
ance, or in the latter case, stomatal aperture. It is known that in 
and above forests the intensity of atmospheric turbulence is high 
(Allen, 1968; Denmead, 1969a) so that the steepest gradient in water 
vapour concentration must have been that between the sites of evapora-
tion within the leaf and the bulk air close to the leaf surface . This 
is the only way one can interpret the results of Turner and Waggoner 
(1968) and Waggoner and Bravdo (1967). 
In Summary 
It may be predicted that the vine field wi 11 act as an array 
of bluff bodies such that its drag coefficient wi 11 be largely independ-
ent of absolute windspeed but much affected by wind direction . 
The transfer of sensible heat and mass between the foliage 
and soil surfaces and the atmosphere will be effected by the turbulence 
generated by shearing . Using an electrical analogy of the flux-
gradient relations, the atmospheric •conductance• may be the rate 
limiting step in the case of sensible heat transfer or be in series 
I 
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with a surface conductance as in the case of water vapour transfer, 
(Cowan, 1968a; Millington and Peters, 1969). Because these exchange 
surfaces are spatially discreet there exists the possibility of inter-
action; for example radiation exchange or the advection of sensible 
heat from a dry soi 1 surface may increase evaporation from the foliage. 
The possibility of this and other forms of interaction make it difficult 
to predict a rate of exchange from the field as a whole in terms of 
characteristics of either soi 1 or foliage. For example, under constant 
radiation levels and with given soi 1 surface conditions wi 11 the 
sensible heat flux be greater when the wind is blowing parallel or 
normal to the rows? The former condition will produce greater 
turbulent mixing close to the soil surface but may also decrease the 
canopy flow. 
To allow generalization and prediction it will be necessary to 
measure and analyse both the fluxes from the field as a whole and the 
surface parameters needed to estimate the interactions. 
• 
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CHAPTER 2 
Experimental Details 
Site 
A suitable site was found at Hanwood 3 km south of Griffith, 
New South Wales (latitude 34° 17'5., longitude 146° 03'E. 128m above 
M.S.L.) where there was a large field (700m x 500m) of irrigated 
trellised grape vines (Vitis vinifera) of uniform size, Figure 2. 1. 
The vine rows all had a uniform bearing of 184° and there were only 
very slight differences in the mature foliage heights of the four 
cultivars planted in the field . 
The village of Hanwood is in the centre of the Murrumbidgee 
Irrigation Area which covers a total area of about 185,000 hectares. 
The site itself was surrounded on all sides by irrigated vinefi elds or 
fruit orchards separated only by 20m wide access roads. The area may 
be classified as a semi-arid region averaging 385mm annual rainfall 
and having global solar radiation levels among the highest in the 
world for any intensively cultivated agricultural region. Records 
taken at the C.S.I .R .0 . Division of Irrigation Research laboratories 
3.3km north-east of the field give a daily average of 450 langleys/day 
whilst during the months of November to Feb ruary the levels are 
approximately 700 langleys/day. A climatic summary is given in 
Table 2. 1. 
The soi 1 was a red c racking clay loam of the Hanwood Series 
(Taylor et ai. ~ 1938). The field was very flat and was furrow 
irrigated four or five times during the summer months . The irrigation 
scheduling and control was independently done by the landholder using 
arbitrary traditional methods. The phenological sequence of the 
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Figure 2. 1 - an aerial photograph of the experimental site; the positions 
of the caravan (circle) and instruments (square) are marked. East (\ID = 0°) 
is at the top of the photograph with North (270°) on the left hand marg In. 
The runs analysed in the various wind sectors were, 0-90°, 177; 
90-179°, 152; 180-235°, 27 and 315-360°, 33. 
Climatic Variable Jan. 
~lean ~,ax i mum 33.3 Temperature (°C) 
Mean f·1i n i mum 17.7 Temperature (°C) 
Mean Rainfall 28 (mm) 
U.S. Class A. 279 Evaporation (mm) 
Average Daily Global 
Solar Radiation 700 
(Langleys) 
.. 
TABLE 2.1 
Climatic Summary for Griffith, N.S.W. 
Feb. Mar. Apr. May June July Aug. Sept. 
32. 1 29.3 23.9 19.4 15. 8 15.0 1 7 . 1 20.9 
16.5 14.2 9.7 6.3 4.3 3.3 4.3 6.3 
28 42 35 34 35 32 38 29 
236 206 114 66 46 48 74 124 
670 520 380 260 250 240 340 460 
Adapted from, 'Meteorological Data 1931-1967 1 • 
CSIRO Division of Irrigation Research 
Griffith, New South Wales. 
Oct. Nov. Dec. 
24.4 28.2 31 . 2 
9.6 12. 6 15. 3 
46 30 30 
175 234 269 
560 720 -710 
\..D 
• 
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vines was budburst in August, flowering in September, maximum foliage 
development 1n December, harvest 1n late February and leaf fall in May. 
The individual vine plants, which were about 35 years old, 
were trellised on a single wire and pruned to give a low dense canopy. 
The vines were approximately 0.5m high when bare and l.3m high in full 
leaf. The individual stems were spaced l.7m apart giving a clumped 
foliage distribution until about November when the extensive growth of 
the canes produces a more horizontally uniform canopy. The row width 
was constant over the field at 5.4m. 
It was necessary that our experiments did not interfere with 
the normal cultivation and irrigation practices. As a consequence 
none of our equipment could be permanently installed nor were we able 
to install neutron probe access tubes or any other such device for 
long or short term measures of soil moisture changes. 
A large caravan served as a field laboratory. Masts and 
instruments were sited in the field approximately 80m south of the 
caravan. This position had a fetch to the West of 480m, 600 m to the 
South-west, 400m to the South and 290m to the North-east. 
Experimental Strategy 
The system to be studied was this patterned plant community. 
We were interested in the relationship between conditions obtaining at 
the soil and foliage surfaces and the exchanges of heat, radiation, 
momentum and mass between the atmosphere and these surfaces. 
While it is possible to experimentally perturb the micro-
meteorology of a field system (Monteith et ai .~ 1965; Martsolf and 
Decker, 1971; Lettau, 1967) this approach wa s not appropriate to the 
21 
site or the system. Rather the experimental approach adopted was to 
utilize the diurnal and irrigation cycles to provide an array of 
surface conditions at the two exchange surfaces which in turn would be 
exposed to a range of the forcing functions, radiant energy supply and 
' 
atmospheric turbulence. 
Assuming that the stomatal behaviour of vines 1s the same as 
the majority of agricultural plants, that is open day/closed night, the 
possible combinations of surface conditions were; freely evaporating 
vines and soi 1, non-evaporating vines and dry soi 1, evaporating vines 
and dry soi 1, non-evaporating vines and wet soil. From this matrix 
of observations it was hoped to separate and quantify the interaction 
of the two exchange surfaces with the atmosphere and each other. 
Phi lip (1966) has summarised the simplifying assumptions 
underlying the use of micrometeorological techniques to measure fluxes 
in the field. Our procedure was to divide the day into continuous 
periods or runs when measurements were taken. Then, during the sub-
sequent analysis of the data, to reject all the runs that violated the 
quasistationary assumption; that is, runs during which there were 
significant changes in windspeed, wind direction or in radiation levels . 
The run interval was fixed at thirty minutes (see comments by 
Haugen et al.~ 1971). 
Measurements were taken over two summer seasons. During the 
first season our combined efforts were directed towards an understanding 
of the pattern of momentum transfer only. This understanding was 
necessary for the planning of the heat and mass transfer experiments 
of the second season. I experienced a great deal of instrument trouble 
during the first season and repeated most of the experiments in the 
second season. In all about fifteen hundred runs were logged during 
the two seasons expeditions. Only the data from expedition M however 
will be reported in this thesis. This expedition was the largest of 
al 1. It ran almost continuously for five weeks (14. 10.71 - 22. 10.71) 
with a total of nine hundred and fifty six runs being logged. 
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It was decided to run such a long expedition and to use the 
results exclusively for two reasons. Firstly, all our previous 
experience had been fed back into the various instruments and methodol-
ogies. More importantly at this time of the year one could expect high 
levels of solar radiation from clear skies. The field was to be 
irrigated and there was to be no more cultivation for several weeks. 
Uncertainty in irrigation schedule and access had hindered work in the 
past. We were thus able to collect a large amount of data both day and 
night in the field from a condition of saturation over several weeks of 
drying cycle. 
Experimental Methodology and Instrumentation 
(a) Data Logging: To achieve our experimental aims a large 
number of atmospheric and surface parameters had to be sensed and logged 
concurrently. The sensors had to have the necessary resolution and the 
logging system the capability of capture and conversion without error . 
A system of transducers coupled to a data logging system was designed 
and built and modified throughout the experimental period by members 
of the group. It is to be described by Kenny (1972). The end product 
of this evolution can be simplified to a block diagram, Figure 2.2, 
using the nomenclature of Barlow (1967). The data was acquired using 
transducers that gave continuous analogue electrical outputs, in all 
cases variable voltages. Each of these signals were immediately and 
continuously amplified and integrated to give a series of pulses that 
were then transmitted through cables to the field caravan. Here the 
Expe r i men ta 1 
variables 
~ 
~ 
etc. 
Data 
acquisition 
( t ran s d u ce r) 
~ 
Manually acquired and recorded data enters here. 
Data 
conversion 
(continuous 
i n t e g rat i on) 
Data 
transformation, 
(digital 
computer) 
Various 
outputs 
Figure 2.2 - A diagrammatric representation of the transducer/logger system developed for the acquisition 
and recording of field data. 
N 
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pulses were counted and displayed on electromagnetic printing counters. 
This data could be recorded ~t any time by causing the counters to 
print, reset to zero and then continue counting. The printed figures 
were then transcribed to data sheets ready for processing and editing 
by an off-site digital computer. The manually acquired data, surface 
temperatures, leaf conductance data, etc., was entered at this point. 
There seemed to be two very useful characteristics of this 
system. The first was that the signals were continuously integrated. 
The rate of this analogue to digital conversion was adjusted so that 
there was negligible loss of information over the usual run time 
interval. This is the most accurate method of obtaining a mean value of 
a parameter. If a commercially available scanned system was used 
scanning rates would have to be matched to sensor time constants 
(Tanner, 1963) which would, in this case have produced inconveniently 
large volumes of data to be stored and manipulated. In such circum-
stances the changes of random error are increased (Allen, 1970) and the 
parameter means finally determined are less accurate (Holt and Youngberg, 
1971), because of 1 aliasing 1 (Byrne, 1970). 
The more important characteristic was that the output of each 
transducer could be continuously visually monitored. This allowed rapid 
detection of any sensor malfunction and hence little recording of use-
less data. Also it was possible to transform much of the data on the 
site, using a slide rule, to keep a running check on the processes 
occurring in the field. 
There was slow linear drift in the electronic and sensor off-
sets and some sensor calibrations. Where possible these were 
regularly and separately checked and recorded in the field. All 
• 
recorded data was finally prepared as punched card decks that were 
edited and processed by digital computer. 
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The transducers coupled to the automatic logging system were 
largely those connected with the measurement of the fluxes in the bound-
ary layer of heat and water vapour. Measurements such as surface 
temperatures, stomatal conductances and the wind speed profiles were 
manually recorded. 
Figure 2.3 is a photograph showing the siting on the field of 
the instruments described in the remainder of this chapter. A summary 
is given as an appendix to this chapter. 
(b) Heat and water vapour transfer: The fluxes of heat and 
water vapour were measured using Bowen ratio psychrometry combined with 
measurements of net radiation and soil heat flux (Tanner, 1967; 
Cowan, 1968). The Bowen ratio was determined between the height 
interval of 2.5 - 5.0m and repeated at three positions across the row. 
This replication was done in anticipation of horizontal gradients in 
temperature and specific humidity; Figure 2.4 is a diagrammatic 
representation of the Bowen ratio mast. 
Because the vine field is a very aerodynamically rough surface, 
very small gradients were expected. Our goal was the measurement of 
gradients in air temperature with resolution close to the adiabatic 
lapse rate; 0 that is 0.01 C/m. The experience and comments of others 
in instrument design (Tanner, 1963) was very useful. To achieve maxi-
mum accuracy it was decided to use an aspirated system measuring the 
6Ts in situ and the 6qs of the respective air streams on the ground 
after they had been brought to a common temperature in a heat exchanger. 
An analysis of errors in Bowen ratio psychrometry since published (Fuchs 
• 
Figure 2.3 - is an enlargement of portion of Figure 2. l, shOtJing the 
location of the instruments in the field. The symbols are: 
caravan (,',); three anemometer masts plus vertical propellors (A); 
Bowen ratio mast (BR); the 2.5 - 7.Sm wind profile (B); solar 
radiation and wind direction (S); the 'soil net radiometer' (SNR) 
and the soil heat flux plates (HF). 
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ABS 4 
. 5 
4 
3 2 1 
3 w 
Z(m) 5 
_1 
Figure 2.4 - is a diagrammatic representation of the Dowen ratio mast. 
Circles represent air intakes and the contiguous differences for both 
temperature and specific humidity are numbered. Because of some 
uncertainty, differences 6 and 7 were not used i n this analysis. 
I 
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and Tanner, 1970) demonstrates the soundness of this method. All grad-
ient thermometry was done using platinum resistance thermometers in 
Wheatstone bridges. The output of each bridge bears a linear relation-
ship to temperature differences over the range used and the output was 
amplified a thousand fold before being fed into the integrators. 
Double wound platinum units were chosen so that contiguous gradients 
could be measured economically of space and aspiration capacity . The 
0 
estimated resolution of the 6T and 6T system was 0.02 C. 
w 
(c) Radiation transfer: A comprehensive radiation measurement 
system was installed at the site to investigate the radiative transfer 
as a consequence of the spatial distribution of the surfaces and to 
provide surface energy budgets for the Bowen ratio measurements. 
Net radiation to the field as a whole was measured with a 
commercial model of the net pyrradiometer described by Funk (1959) 
mounted at a height of 8m above the soil surface. Soil heat flux was 
measured with four soil heat flux plates similar to those described 
by Deacon (1950). These were wired in series, buried under a layer of 
10mm of soil and placed at intervals of a quarter row width across the 
row starting under the vine foliage. Incoming and reflected global 
radiation was measured using two pyranometers mounted at a height of 4m 
above the middle of a row. The base of the inverted pyranometer was 
suitably shielded to reduce any changes in calibration because its 
position (Anderson, 1967). 
It was desirable to obtain a measure of the partitioning of the 
net radiation flux into that falling on the vines and the soil. The 
soi 1 surface seemed the most amenable to this direct measurement but 
an ordinary net pyrradiometer exposed in the centre of a row such that 
the lower surface received 90% of the radiation from the soi 1 surface 
. 
29 
(Angus. 1968; Reifsnyder and Lull, 1965) also received radiation from 
the vine foliage tops on its upper surface. An alternative would be to 
use two net pyrradiometers modified to one-way instruments. The 
experience of othPrs (Dr G.W. Paltridge, personal communication, 1970) is 
that this would be very difficult under the site conditions of high air 
temperatures and high radiation levels. 
A single instrument was built that measured the difference in 
the radiation emission of the soil and the sky. It consisted of two 
matched net pyrradiometers joined by a 0.5m long copper tube. The copper 
tubing had threads cut on either end so that the pyrradiometers could be 
attached with a good air-tight seal. The inside of the tube was highly 
polished and then gold plated. The emissivity of gold is very low in the 
long-wave region (Hemmerdinger and Hembach, 1965). The tube was 
thermally insulated with 40mm thick polystyrene foam which in turn was 
covered with aluminized mylar, Figure 2.5. The latter is an excellent 
radiation shield (Fuchs and Tanner, 1965), being an efficient reflector 
of solar radiation and an efficient emitter of long-wave radiation. The 
highly polished interior of the tube wi 11 force the inwards-facing 
surfaces of the radiometers to equal temperatures and the heavy copper 
tubing and the insulation wi 11 eliminate temperature gradients . The 
sensitivities of the two individual radiometers were matched as closely 
as possible and under steady conditions the output was unchanged when 
the instrumen t was reversed . 
Al 1 the outputs from the sensors were amplified, integrated and 
fed into the data-logging system. Separate analogue traces of global 
radiation and net radiation to the fiel d were also recorded. The latter 
were used as a check of the constancy of radiation levels for any one 
run. 
.... 
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Figure 2.5 - is a photograph of the modified net pyrradiometers. 
The thick polystyrene foam insulation has been peeled back to show 
the connecting gold-plated metal tube. Note the reflectivity of 
the aluminized mylar. 
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Diffuse solar radiation was measured at the site in earlier 
expeditions using a shade ring (Horowitz, 1969). In expedition M, how-
ever, accurate records of diffuse and global radiation were available 
from a site 3,5 km distant (Anon, 1970). These were available as hourly 
integrated averages. The ratios of diffuse to global were obtained, 
smoothed and interpolated values were calculated for the mid point of 
each of our runs. 
Care was taken in the exposure and maintenance of each radia-
tion measuring instrument in the field (Drummond, 1968; Angus, 1968). 
Calibration before and after two summer seasons of the field work gave 
variations of less than 2.5%. 
(d) Momentum transfer: A windspeed profile was measured in the 
atmospheric boundary layer between 2.5 and 7,5m. The heights of measure-
ment were 2.5, 3.25, 4.0, 5.0 6.0 and 7.5m. Cup anemometers (Bradley, 
1969) were mounted 0.6m out from a triangular section mast and placed in 
the middle of a row. The mast was easily rotated to point the anemo-
meters into thewind, Figure 2.6. The data logging system turned off the 
registers accumulating the pulses from each anemometer after 27 mins to 
allow time to record manually the total counts on the registers. 
Anemometers and registers were interchanged periodically. The limita-
tions of the anemometers with respect to overspeeding (Izumi and Barad, 
1970), finite starting speeds (Bradley, 1970) and cosine response 
(Camp and Turner, 1970), were appreciated but no corrections were made 
to the readings (see Businger et al.~ 1971). 
Wind direction was determined for each run by sampling a 
continuous analogue chart record every two minutes and calculating a 
mean and standard deviation for each run. 
. .. 
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Figure 2 . 6 - is a photograph of the 2.5 - 7.5m wind profile mast which 
also supported a net pyrradiometer at 8.0m. The mast offered mini mal 
disturbance to the air flow. 
• 
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Horizontal gradients in windspeed between the vine rows were 
measured using an array of cup anemometers mounted at five heights on 
three masts spaced across the row. The first mast was placed in the 
middle of a canopy, the second at one third row width (l .8m) to the east 
and the third at two thirds row widths. The heights of measurement were 
0.25m, 0.5m, l .Om, l .75m and 2.5m. These values having been arrived at 
from previous measurements, Figure 2.7. At the midpoint of the horizontal 
separation of the three masts a propellor anemometer was mounted vertic-
ally to give a direct measure of systematic vertical wind flow. These 
were mounted at distances of 0.9m, 2.7m and 4.5m respectively from the 
westernmost anemometer mast with the height of measurement being 2.5m. 
These spacings coincided exactly with the positions of the lowest air 
intakes of the Bowen ratio mast sensors. In the vine canopy rotors 
were protected by a fine wire cage that did not influence the sensitivity 
of the instrument. 
(e) Surface temperatures: The temperatures of the foliage and 
soil surfaces were measured as an integral part of the experimental 
program. The microtopography of both the soil and foliage surface was 
such as to provide great variation in illumination on a scale comparable 
to the size of any contact-thermometry element. Remote sensing of sur-
face temperature gives both spatial averaging and the facility for rapid 
repetitive samples (Combs et al.~ 1965; Conaway and van Bavel, 1967; 
Lo re n z , l 9 6 8 ; We i s s , l 9 7 l ) . I t i s t e ch n i ca l l y d i f f i cu l t h owe v e r to 
make continuous measurements. 
A compromise was struck. Foliage and soil temperatures, we re 
remotely 5ampled using a portable infrared thermometer (Barnes 
Engineering, Stanford, Conn. U.S.A.; Model PRT-10) at the mid-point of 
each run. This instrument has been developed for field use by Gates 
... 
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Figure 2.7 - is a photograph of the three small (2.5m) masts carrying 
in all fifteen cup anemometers and three vertical propellors anemo-
meters. The anemometer arms point South. 
-' 
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(1968), but the most thorough treatment of the use of these instruments 
is by Fuchs and Tanner (1966). This particular instrument has no 
thermostatically control led internal reference and so has to be 
absolutely calibrated before and after each set of measurements. The 
reference surface provided by the manufacturer was replaced by a black-
body cavity. This was built of heavy gauge copper sheeting, was lagged 
with a water jacket, and contained a re-entrant cone of diameter just 
larger than the field of view (9°) of the thermometer. An accurate 
mercury-in-glass thermometer was potted with heat-sink compound into 
this cone. Slow calibration drift was a characteristic of the 
instrument. Laboratory tests showed that this was linear with time 
and was due to the slow drift in the temperature of the metal body of 
the instrument itself. Encasing the thermometer in a jacket of 
0 polystyrene foam reduced this drift to about 1.0 C/10 minutes in the 
field. This drift was calculated from the before- and after-cavity 
readings, recorded, and linearly interpolated during data analysis. 
The most important 1 imitation of the accuracy of measurement 
concerns the emissivity of the foliage and soil surfaces over the 
range of wavelengths sensed by the thermometer. If the emissivity of 
the surface is less than unity then the thermometer will sense 
reflected thermal radiation from background objects. This error, and 
examples of its magnitude has been discussed by Fuchs and Tanner 
(1966). Other useful reports have been Buettner and Kern (1965); 
Conaway and van Bave 1 ( 196 7) ; Fuchs and Tanner ( 196 7) ; Fuchs et al .~ 
(1967); Griggs (1968); ldso and Jackson (1968a,b, 1969); Jackson 
and ldso (1969); Lorenz (1966) and Lowry and Gay (1970). 
For the vine foliage surface this error was thought to be 
very small. ldso et al., has published emissivities for individual 
.... 
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-leaves of various species. These values (weighed for the bandpass 
filter characteristics of the instrument used) lie between 0.938 and 
0.995. The wall of vine foliage presents a very rough and irregular 
array of radiating leaves and pockets of leaves. It was anticipated 
that there would be multiple scattering and reflection between the 
clumped leaves bringing the overall emissity of the surface close to 
that of a black body. 
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The soil surface was a more difficult problem. The 
emissivities of sandy soils, in contrast to clay soi ls, are strongly 
influenced by water content (Fuchs and Tanner, 1968; Hovis, 1966). 
The methods described in the 1 iterature for determining the emissivity 
of a soi 1 surface require instrument stability and read-out facilities 
not matched by the portable thermometer. A reflectance spectrum of 
soil samples was obtained (Anon, 1970) but in the process the samples 
had to be heated to well above 500°c so this spectrum, Figure 2.8, is 
representative of a very low water and organic matter content. 
An alternative system was used in the field. A thin specimen 
layer of soi 1 (3,5mm) was spread on a large copper plate (0.75m x 
0.75m x .003m); the undersurface and edges of the plate were thermally 
insulated with polystyrene foam. The temperature of the soil-layer 
could be accurately measured by thermistors mounted in good thermal 
contact with the plate. The plate was positioned at ground level wel 1 
within the rows and the specimen soi 1 surface exposed to the same 
environmental conditions, rain, etc., as the row soil surface. At the 
end of each run the temperature of the specimen soi 1 surface was 
measured by both infrared thermometer and thermistor. It was thought 
that this comparison would yield an emissivity weighed for both soil 
and thermometer characteristics. A regression of this data yielded: 
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Figure 2.8 - is a reflectance spectrum of surface soi 1 from the vine field (note 
changes of scale). The increase in reflectance at greater than 8 microns is 
unfortunately amplified by an error inherent in the measuring system. 
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Actual Soil Temperature= 1 ,77 + 0.960. (Infrared Thermometer 
Temperature) 
with no discernable difference between wet and dry soi 1. This value 
has been used in all calculations. 
Temperatures were sampled mid point of each run and assumed 
to be representative of the whole run. Usually ten samples each of 
soi 1, east-facing and west-facing foliage were taken per run. One 
sample represented an areal average of a 0.75m diameter circle. 
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(f) Stomatal conductance: Automated semi-continuous measure-
ments of leaf conductance, in this case viscous conductance, can be 
made; Allaway (1969). This approach was not possible at the 
experimental site, hOv-Jever, as the number of sampling points needed 
would be prohibitive. Instead leaf conductance was sampled mid-run 
and was assumed to be representative throughout the thirty minute run 
period. On one plant it was expected and observed that there would be 
variation in leaf conductance dependent upon the position of the 
sampled area on the leaf, the age of the leaf and the previous history 
of illumination, Barrs (1968). The grouping of the individual vine 
plants into N-S rows produces dynamic changes in canopy illumination 
throughout the day not found in homogenous crop plant canopies. It 
was necessary therefore to use a non-destructive method sufficiently 
rapid to permit a large number of samples in a ten minute sampling 
period. 
Direct observation of stomatal aperture using a replica 
technique has been used in asimilar experiment, Brown and Rosenberg 
(1970). The advantage of this rapid sampling method is over-ridden by 
the long delay in calculating the data, the uncertainty in quantifying 
the samples and the fact that vine leaves are very hairy on the 
abaxial surface. Viscous flow porometers are well suited being robust, 
temperature-insenstitive and non-destructive, (Burrows, 1969). The 
theoretical relationship between viscous conductance and diffusive 
conductance is known, (Mi lthorpe and Penman, 1967) but as grape vine 
leaves are strongly hypostomatous the relationship would be a strong 
function of leaf anatomy which in turn may change with age of leaf. 
The final choice was a diffusive-flow parameter which possessed most 
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of the necessary features and which gave direct measurement of leaf 
conductance. Anon-aspirated type was selected over the aspirated 
type, (Byrne et aZ.~ 1970) because of the ease of absolute calibration. 
followed the design and calibration procedures published 
by Kanemasu et aZ. (1969) with the analysis published by Monteith and 
Bull (1970) and Stitger (1971) being of supplementary use. My 
experience concerning their use reinforces that already published by 
Morrow and Slatyer (l97la,b). Two models were built; one of acrylic 
plastic and one of gold plated brass, Figure 2.9. A self timing 
circuit was developed, (Kenny and McGruddy, 1972) for convenient field 
operation. 
In the field equal numbers of measurements were taken on the 
east-facing and west-facing foliage giving a total of about six per 
run. The canopy surface was divided into three levels of equal depth . 
Measurements were concentrated in the upper two layers (the lowest 
level consisted only of rather isolated canes) using the middle lobe 
of fully expanded leaves that were free from any damage due to fungal 
or insect infestation. 
'• 
Figure 2.9 - is a photograph of a modified diffusion parameter. The 
head was made from highly-polished, gold-plated brass. Errors due 
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to the absorption of water vapour and leaf-head temperature differences 
were significantly reduced · using these materials. 
. 
APPENDIX 
Summary of the Parameters Measured, Sensors and Sensor 
Positions During Expedition M 
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The method of acquisition and recording has been abbreviated 
to: automatically acquired, automatically recorded A.A.A.R. 
automatically acquired, manually recorded 
manually acquired, manually recorded 
A.A.M.R. 
M.A.M.R. 
The code figures mentioned under Location refer to Figure 2.3. 
l. Variable 
Sensor 
Description 
Location 
Method of 
Recording 
2. Variable 
Sensor 
Description 
Location 
Method of 
Recording 
3- Variable 
Sensor 
Description 
Location 
Method of 
Recording 
Horizontal Wind speed ( u) . 
Cup Anemometers. 
15 Miniature type. 
Sma l l Mas ts Al , A2, A3. 
15 A.A.M.R. 
Horizontal Wind speed ( u) . 
Cup Anemometers. 
6 Miniature photo-electric 
Big Mast Bl. 
6 A.A.M.R. 
Vertical Wind speed (w). 
Propel lor anemometer. 
3 Gill Generator type. 
type. 
Midway between small masts Al ,A2,A3 at height 
of 2.5m to coincide with the lowest Bowen ratio 
air intakes. 
6 A.A.A.R., 1 .e. both +ve and -ve signals 
separated. 
4. Variable 
Sensor 
Description 
Location 
Method of 
Recording 
5. Variable 
6 . 
Sensor 
Des cri pt ion 
Location 
Method of 
Recording 
Variable 
Sensor 
Description 
Location 
Method of 
Recording 
7. Vari ab 1 e 
Sensor 
Description 
Location 
Method of 
Recording 
Wind Direction (WO). 
Vane. 
Smoothed running-mean analogue output to chart 
recorder. 
On a separate mast at 4m height. 
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Analogue chart trace checked with visual observation. 
Temperature Differences (6T). 
Platinum Resistance Thermometers. 
Eight double wound units, shielded and aspirated 
by psychrometer air intakes. Seven contiguous 
differences are measured, Figure 2.4. 
Bowen Mast. 
10 A.A.A.R. (-and+) (Differences 1-3, 6, 7) 
4 A.A.M. R. (-and+) (Differences 4, 5). 
Absolute Temperature ( T) . 
Platinum Resistance Thermometer. 
One unit shielded and aspirated as 
system. 
Bowen Mast. 
2 A.A.A.R. (-and+) . 
Humidity Differences (6q). 
Platinum Resistance Thermometers. 
for 6T 
Eight double wound units used as wet bulbs . 
Seven contiguous differences measured, using 
air streams brought to uniform temperature 
in heat exchanger, Figure 2.4. 
Air intakes on Bowen Mast. Thermometers 
housed in Psychrometer Unit. 
l O A. A. A. R. (-and+) (Di ff ere n ce s 1 - 3 , 6 , 7) 
4 A.A . A. R. (-and+) (Differences 4, 5). 
8. Variable 
Sensor 
Des c r i pt i on 
Location 
Method of 
Recording 
9. Variable 
Sensor 
Location 
Method of 
Recording 
l O . Vari ab le 
Sensor 
Des c r i pt i on 
Location 
Method of 
Recording 
11. Variable 
l 2 . 
Sensor 
Location 
Method of 
Recording 
Variable 
Sensor 
Method of 
Recording 
Abs o l u t e Hum i d i t y ( q ) . 
Platinum Resistance Thermometer. 
One unit, as for 6q system. 
Air Intake on Bowen Mast. 
2 A.A.A.R. (-and+). 
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Temperature of Psychrometer Heat Exchanger (THEX). 
Thermistor, (Thermistor bridge in caravan). 
Inside heat exchanger air streams. 
M.A.M.R. 
Dry and wet-bulb temperatures, (TASS and QASS). 
Mercury-in-glass thermometers. 
Assman Psychrometer. 
Taken at 2m height, well into rows once at 
mid-run. 
M.A.M.R. 
Temperature of soil sample for I .R. Thermometer. 
Thermistors (Thermistor bridge on field table). 
Reference plate is on soil surface, middle of 
row, 5M from end of row. 
M.A.M.R. 
Black body cavity temperature for I .R. Thermometer 
reference. 
Mercury-in-glass Thermometer. 
M.A.M.R. 
r, 
13. Variable 
14. 
Sensor 
Method of 
Recording 
Variable 
Sensor 
Method of 
Recording 
l 5 . Vari able 
Sensor 
Description 
Location 
Method of 
Recording 
16. Vari ab le 
Sensor 
Description 
Location 
Method of 
Recording 
17. Variable 
Sensor 
Description 
Location 
Method of 
Recording 
Soil Temperature (T). 
s 
I .R. Thermometer. 
M.A.M.R. 
Foliage Temperature 
I . R. The rmome te r. 
(T ) . 
V 
M.A.M.R. 
Global Solar Radiation (¢S s +¢SD). 
' ' 
Pyranometer. 
Eppley, Moll-Gorcznski type. 
Separate Mast, exposed at 2m height. 
A.A.M.R. with analogue chart output. 
Net Radiation to field as a whole (¢). 
Net Rad i ome te r. 
Funk type . 
Exposed at 8m on the big Mast. 
A.A.A.R. with analogue chart output . 
'Net Radiation' over Soil (¢;', ) . 
2 Net Radiometers . 
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Mounted on uppe r and lower ends of cylindrica l 
cavity . 
Separate Mast with lower un i t 0.4m above mean 
s o i l s u r face . 
A.A . A. R. 
..... 
l 8. Variable 
Sensor 
Des cri pt ion 
Location 
Method of 
Recording 
19. Variable 
20. 
Sensor 
Location 
Method of 
Recording 
Variable 
Sensor 
Description 
Location 
Method of 
Recording 
21. Variable 
Sensor 
Location 
Method of 
Recording 
22. Variable 
Description 
Method of 
Recording 
Soi l Heat Flux ( s) . 
Heat Flux Plates . 
Four uni ts wired In series. 
Buried 10nm below soi l surf ace 
distances across a row width. 
A.A.A.R. 
Stomatal Conductance (Gi). 
Diffusion Parameter. 
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at equal 
At least four to six measurements at different 
foliage levels on different vines on both East 
facing and West facing foliage. 
M.A.M.R. 
Albedo. 
Pyranometers. 
As before. 
Exposed . separate mast at 4m. 1n 
A.A.M.R. 
Soil Water Content. 
Sampled with soi 1 tins and gravimetrically 
determined . 
Various parts of the Row Soil Surface . 
M.A.M.R. 
Foliage Characteristics. 
Determine mean height and leaf area index. 
M.A.M.R. and photographs. 
I~ 
,, 
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CHAPTER 3 
Investigations of the Transfers Occurring 1n the 
Turbulent Boundary-Layer well above the Vines 
Introduction 
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It is important to determine whether a constant-flux layer does 
exist in the atmosphere above the field and, if so, to work within it 
to obtain estimates of the fluxes of heat, water vapour and momentum. 
The latter is of importance since the drag exerted by the field on the 
atmosphere results in the mechanical production of a turbulent flow-
field which, though it may be modified by the imposed flow of sensible 
heat, largely determines the atmospheric transport characteristics for 
sensible heat and water vapour. 
The vinefield is aerodynamically a very rough surface. The 
rib-1 ike patterning is similar to the surfaces used in wind tunnels for 
the production of turbulent boundary-layers (Perry et al. , 1969) . This 
site, together with an orchard discussed by Randall (1970) and forests 
discussed by Allen (1968), Denmead (1969) and 01 iver (1970) represents 
an extreme in micrometeorological studies. 
Results 
The results of experiments carried out in the first season 
(1969/70) suggested that, for vines in full leaf, 1.0 - 1.5m high, all 
horizontal gradients in temperature and windspeed had been dissipated 
at a height of 2.5m. Using this as the lower 1 imit, the Bowen ratio 
was measured between the heights 2.5 - 5.0m. The existence of a 
constant-flux boundary layer was confirmed, for this height interval 
at least, by the following observations: 
(1) there was good agreement at all times between the three vertical 
temperature gradients (6(1), 6(2), 6(3) in Fig. 2.4) both in 
absolute magnitude and change with time, 
(2) the net vertical wind flow, as resolved by the propellor 
anemometers, was very smal 1 indeed, close to the values of 
leveling errors (Holmes et al.~ 1964; Dyer et al.~ 1970). 
Within this layer, then, al 1 evidence suggests that the 
Bowen ratio-surface energy balance technique used should 
be sound (Denmead and Mel lroy, 1970; Dyer, 1967). 
The formulations used for the Bowen ratio were as fol lows: 
d8 
H = - KH Cp p ~ 
\E = - K 
V 
\ ~ p dz 
which when written 1n integral form becomes 
H = GH C p p ( e 1 - 8 2) 
where 
and assuming 
G = ----
J dz K 
( 3. 1 ) 
(3.2) 
(3,3) 
( 3. 4) 
(3,5) 
The usual notation is used where Hand E are the fluxes of 
sensible heat and water vapour respectively; A the latent heat of 
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vapourization of water; p 1s the density of air; C the specific heat p 
of air at constant pressure and 8 is the potential temperature. 
S. I. units have been used throughout. 
We then have 
H Cp 
s = - = \E A 
which can be combined with the surface energy balance 
91v1ng 
\E + H = ¢ - S 
\E = 
¢ - s 
l + s 
H = S (¢ - S) 
l + s 
(3.6) 
(3.7) 
( 3. 8) 
(3.9) 
where¢ is the net radiation flux to the field as a whole and S is the 
soil heat flux. 
The determination of the shearing stress to the field is 
more difficult. The formal equation, where T is the shearing stress 
and u~ is the friction velocity, 
" 
T 
p 
(3.10) 
cannot be used as such for there is no independent method of determining 
K, which will vary with atmospheric stability. 
m 
--
' 
Two approaches were tried. The first makes use of an 
assumed relationship between KH and Km. Then, using the Bowen ratio 
estimate of sensible heat flux H, it is possible to determine the 
shearing stress and the dependence of K on atmospheric properties. 
m 
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The second approach, the converse of the first, is to make assumptions 
about the dependence of KH and Km on atmospheric properties and then 
to use equations (3. 1) and (3. 10) to estimate the shearing stress and 
sensible heat flux. 
The flux-gradient relationships in the lowest 50m of the 
atmospheric boundary-layer are a source of continuing experiment and 
formulation. The most recent formulae reflect the similarity concepts 
of Mon in and 0bukhov (1954). From the work of Dyer (1967), Swinbank 
(1964) we may write 
where cj) H and 
k u, z ;, 
k u , z 
;~ 
K = ---
m ¢ ( ~) 
m L 
¢ are the Monin-0bukhov universal functions 
m 
and momentum, and L is the stability length defined as 
Cp p 8 u_,_ 3 
" L = 
kg (H + 0.076 AE) 
(3.11) 
(3 . 12) 
fo r heat 
(3. 13) 
From published investigations, the for m of t he un iversal fu nct i ons is 
approximated by (Businger et ai. ~ 1971) or exactly (Dyer and Hicks, 1970) . 
¢ 2 = ¢ 
m H 
(3. 14 ) 
--
' 
~-
This relationship (being perhaps more general than the adoption of 
specific forms of ¢Hand ¢m) is the basis of the first approach. In 
all subsequent analysis an arbitrary displacement height of 0.25m has 
been assumed. 
I t follows then that 
= k (3.15) 
By rewriting equations (3. l) and (3. 10) as 
H = 
2 k u_,_ z du " 
u ·'· = - dz 
" ¢m 
we can get 
3 d8 - H k z (~) 2 
u;', Cp p dz - dz (3.16) 
This expression has to be integrated over the height interval used in 
the Bowen ratio (2.5 - 5.0m) 
Z2 
f z (~~) 2 dz = Cp p (81 - 82) (3 . 17) 
Z1 
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Within this interval windspeeds were measured at 2 . 5, 3.25, 4 . 0 and 5.0m . 
If we assume the wind profile is approxi mately logarit hm ic i n each 
height interval, then the integral in (3.17) is evaluated as 
so that the friction velocity may be found from 
,. 
Z2 2 
H k J z (~) dz l -dz 3 
Z1 
u_,_ = 
" (81 82) Cp p -
(3.18) 
-
Or from a definition of the conductance for heat between these two 
heights (3.3) 
LI = 
;'; 
Z2 2 
J z (~~) dz (3.19) 
Z1 
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By using Bowen ratio estimates of sensible heat flux, measured wind-
speeds and temperature differences to evaluate equation (3. 18), the 
friction velocity can be determined. It is now possible to calculate 
L from equation (3. 13). This was done for all runs in which the 
standard deviation in wind direction (as determined from the analogue 
trace) was less than 36.0 degrees and neutral or unstable atmospheric 
conditions obtained. No analysis of stable conditions was undertaken 
as the estimates of heat and vapour fluxes from the Bowen ratio 
become unreliable under nocturnal conditions when both numerator and 
denominator of (3.8) and (3.9) are small. These estimates of u, and ;, 
L have been used to investigate the dependence of ¢m(~) on z/L. 
From (3.10) and (3.11) we obtain 
¢ (z/L) = 
m u.,. dz 
kz du (3 .20) 
" 
and following Dyer (1967) this may be written 1n finite difference 
form as 
-I 
Where 2t =I~ 2 2 . l 
t k2 t u2 - ul 
cp (~ ) = 
m L u* 2 2 - 2 1 
(3.21) 
22 
with the error being negligible if ..s_ 2.0. 
2 l 
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Expression (3.21) was evaluated over the Bowen ratio height 
interval of 2.5 - 5.0m and the results are presented in Figure 3. l and 
3.2 1n a traditional plot. This data represents all wind directions. 
The relationship was first investigated for separate wind direction 
sectors. No apparent difference could be demonstrated except that the 
few runs in the north-west sector were affected by a fetch obstruction 
and were eliminated accordingly. In both Fig. 3. l and 3.2 the super-
imposed curve is the relationship suggested by Dyer and Hicks (1970) 
l 
cpm = (l - 16 2/L) 4 (3.22) 
In Figure 3.2 the values of log 10 cpm and the corresponding 
values of log 10 2/L have been averaged within discrete ranges of 2/L 
and the standard errors of log 10 cp m are shown. It can be seen that 
the measured values of cp are greater than the empirical values and 
m 
slightly exceed unity in the near neutral region. The measured ~ 
'+' m 
values are consistently about 10% greater than the Dyer and Hicks 
(1970) expression (3.22) over the whole range. This discrepancy is 
much larger than that arising from the particular finite differe nce 
form employed (3.21). For example if a logarithmic profile is assu me d 
one would take instead of 
= 3 . 53 
t 
2 = = 3.61 
L 
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Figure 3 . 2 - is a plot of log ( ¢ (zl)) against log (-z/L) for the 
X) m 10 
height interval 2.5 - 5.0m. The same data presented in Fig. 3,2 
has been grouped and a mean and standard deviation calculated 
after the transformation . The solid curve is the relationship 
- l 
¢ = ( 1 - 16 z/L) 4 
m 
I 
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the difference is only 2%. Two other possibi 1 ities present themselves; 
that there is a systematic error in the determination of the sensible 
heat flux H, for which we have no check, or that we have used an 
inappropriate value (k = 0.4) for von Karman's constant. In the 
approach used here k is eliminated from the determination of L (the 
substitution of (3. 18) into (3. 13)) but enters directly into the 
estimate of¢ . To explain the discrepancy one would have to assume 
m 
that the proper value of k was 0.36. This is close to the value of 
0.35 found by Businger et al. (1971). There is no general agreement 
however, concerning the correct value of k (Slotta, 1963) so I have 
continued to use the traditional value of 0.4. 
The fie 1 d data may be processed a second way. It can be 
seen that the estimate of L from (3. 13) is actually independent of 
the Bowen ratio estimate of the sensible heat flux, for u ,3 is found ;, 
from equation (3. 18). Combining the two equations we have 
• 
Z2 2 
- 0 J z (~) dz 
L = 
This 1s a gradient form of L, assuming that 
s = 
Cp (81 - 82) 
\ (ql - q2) 
(3.23) 
We can now estimate¢ and ¢ from the previously used forms 
m H 
1 
¢ = (1 - 16 z/L)-4 
m 
1 
¢H = (1 - 16 z/L)-2 
I ,l I. 
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independently of the Bowen ratio estimate of H. So from equations (3. 10) 
and (3. 12) we obtain 
u .. ,. = 
" 
or rather 
u.,. = 
" 
J 
du 
dz 
k(u 2 - u1) 
Z2 
¢m 
dz 
z 
z1 
Similarly we obtain from equations (3. 1) and (3. 11) 
H = 
g1v1ng 
k 
H = 
k u, z d8 
__ ,,_ Cp p -
<pH dz 
u.,. Cp p (81 - e ) 
" 
2 
z2 
¢H J dz z 
Z1 
(3.24) 
(3.25) 
Working as before in the height interval of the Bowen mast (z 1 = 2.5m 
and z
2 
= 5.0m) values of u* and H have been estimated from equations 
(3.24) and (3.25). Figure 3,3 is a plot of the relationship between 
values of the sensible heat flux derived from the Bowen ratio and the 
profile approach. The agreement is good, and enhances confidence not 
only in the estimates of H, but in those of u* also. 
Such discrepancy as there exists between the two estimates 
of sensible heat flux has been examined as a function of the time of 
day. Figure 3.4 represents pooled data for two days early in the 
drying cycle when gravimetric measurements of soi 1 water change 
indicated there was appreciable evaporation occurring. Figure 3,5 1s 
asimilar plot for data taken during the last week of field work when 
the soi 1 has been cultivated and was very dry indeed. 
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Figure 3.3 - is a plot of the sensible heat flux calculated from 
the wind profile against the value obtained from the Bowen ratio 
mast. The uni ts are \Lm- 2 . 
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Figure 3.4 - is a plot of the two values of sensible heat flux (W.m ) 
a g a i n s t the t i me of day ( E . S . T . ) . The open s q u a re s y mb o 1 i s the 
Bowen ratio value; the full circular symbol is the profile value. 
The soi 1 was wet at this tirre. 
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Figure 3,5 - is a plot of the two values of sensible heat flux (W. m- 2) 
against the time of day (E.S.T.). The open square symbol is the 
Bowen ratio value; the ful 1 circular symbol is the profile value. 
The soi 1 was dry at this time. 
l 
66 
Both Figures show that there is a tendency for the difference 
between Bowen and profile heat fluxes to be positive in the early 
morning, negative for most of the day, and become positive in the 
evening again. The surface energy balance used in our formulations 
(3.7) relies on the accuracy of net radiation and soi 1 heat flux 
measurements. We have confidence in the former but the measurement of 
soil heat flux is prone to many errors (Tanner, 1963). The soi 1 
surface was furrowed to a depth of 0.25m and on drying one would expect 
complex two-dimensional patterns of heat and water flow. Consequently 
the soil heat flux plates were not, as is usual, buried deeply and the 
heat storage above the plate measured, rather they were buried under 
only 10mm of soil at four different positions across the row. It 
might be expected that if this covering layer dried more rapidly than 
the surrounding soil, the heat flux recorded during the day would be 
low and, from equation (3.9), the Bowen ratio estimate of the sensible 
heat flux to be low. This however is the reverse of what has been 
observed. 
The vine rows were aligned in a north-south direction which 
engendered a very dynamic illumination pattern on soi 1 and foliage 
surfaces during the day. It is possible that the half-hour run periods 
did not approximate to a quasisteady-state . This was checked by 
examining the difference between the two sensible heat fluxes as a 
function of the rate of change of the soi 1 temperature. Figure 3.6 
is a plot of this relationship for all runs used. There appears to be 
no strong relationship. The data for the days in Figures 3.4 and 3.5 
were examined separately and again no strong relationship was evident. 
The friction velocity estimated from the second approach has 
been used to calculate a drag coefficient for the field as a whole 
-I 
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Figure - is a plot of sensible heat flux (W. m ) 
against the rate of change of s O i 1 temperature (° C/hour) for both 
wet and dry soi 1 conditions. There i s no significant relationship 
apparent. 
I. 
-
and to examine this as a function of wind direction. It is difficult 
to choose a suitable reference height for this field. It defeats the 
purpose to use a reference windspeed that is markedly influenced by 
buoyancy or to use a height low enough to be influenced by the 
individual vine rows. A suitable height can be determined from the 
fol lowing considerations. Equation (3.24) may be generalized in the 
form 
u_,_ J 
" 
(3.25) 
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This equation has been used to compute theoretical windspeed profiles 
with u* being taken as the value estimated from the gradients of 
windspeed and temperature between 2.5 and 5.0m. By definition the 
theoretical values of windspeed wi 11 agree with the measured values 
at the 2.5m and 5.0m heights. Comparison with measured values at 
other heights wi 11 give an indication of the agreement with the Dyer 
and Hicks (1970) formulation for momentum transfer. This comparison 
unfortunately wi 11 be unique for each run since the shape of each 
profile wi 11 differ according to atmospheric stability. A more 
general comparison can be achieved by the fol lowing procedure. 
If the profile were a neutral one but with the same friction 
velocity u~ we would have as a special case of equation (3.25) 
" 
z 
U .,. l n - - k ( U I - U I ) ( 3 • 2 6) 
" z l l 
where u1 is the 'equivalent' neutral windspeed. We now make the 
distinction that u;', in equation (3.25) is not necessarily the estimated 
u* between 2.5 - 5.0m but rather it is simply the value which emerges 
I 
I! 
11 
Ii 
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by evaluating the integral at any height z and equating u with the real 
windspeed at that height. Eliminating u* from equations (3.25) and 
(3.26) we have for the equivalent neutral profile 
U I - U I 
l = 
(u - u1) ln z/z 1 
z 
J 
¢ 
~dz 
z 
If we now divide throughout by the estimated value of u~ between heights 
" 
z
1 
and z
2 
we obtain a scaled equivalent neutral profile. 
u' - u' LI - ul ln z/z 1 l (3.27) 
= 
LI·'· u.,. z 
" " ¢m J dz z 
Z1 
which should be identical for all real profiles provided they fit the 
Dyer and Hicks (1970) expression for momentum transfer. 
The profiles have been evaluated with means and standard 
deviations computed at each height and plotted against z/z 1 (where 
z
1 
= 2.5m) for various wind direction sectors. They are presented 1n 
Figures 3.7, 3.8, 3-9, 3. 10 and 3. 11. Also plotted on each Figure 
is ln z/z
1 
as this is the theoretical expression for 
U I - U I l 
LI.,. 
" 
It can be seen that for each plot the fit is a reasonable 
one. There is a large discrepancy at z = 7.5m which may reflect an 
inadequate fetch. At the lower end of the profile there are large 
discrepancies at z = 0.5m and z = 1 .Om, which differ for the different 
wind sectors, due to the influence of the individual vine rows. The 
standard deviations at these two heights are large because the range 
of wind direction within each sector is large. 
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Figure 3,7 - is a plot of z/z (2.5m) against the function given in 
Eqn. (3.27) for all runs in the wind sector 0° - 65° (where East 
is 0° and South is 90°, etc.). A mean and standard deviations 
have been plotted for each height and the solid curve is the 
expression ln z/z (2.5m). 
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Figu re 3.8 - is an identical plot to Figure 3,7 except for wind 
sector=65° - 115°. That is a wind direct ion close to being 
parallel to the vine rm-Js . 
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Figure 3.9 - is an identical plot to Figure 3-7 except for wind 
sector=ll5° - 180°. 
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Figure 3. 10 - is an identical plot to Figure 3,7 except for wind 
sector=O - -45°; i.e. E - North-east. The house (see Figure 2.1) 
was considered an obstruction between -45° and -135°. 
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Figure 3. 11 - is an identical plot to Figu re 3.7 but for wind 
sector=-135°- -180 °. 
75 
It can be seen that for all wind direction sectors the 
smallest height at which the observed and theoretical profiles are in 
reasonable agreerrent is l .75m. For this reason the observed windspeed 
at 1.75m has been used as the reference for the estimation of a drag 
coefficient. Figure 3. 12 is a plot of drag coefficient with wind 
direction. In this and all subsequent plots the wind direction is 
referred to the row alignment rather than a compass bearing. Directions 
ran from East (0° and 360°), South (90°), West (180°) to North (270°). 
The drag coefficient is predictably a symmetrical function of wind 
direction (see Figure 2. l) demonstrating that the vine foliage is the 
major site for the destruction of momentum. The slight displacement 
of the peaks and troughs of the curve may be due to the reference 
windspeed at 1.75m being an arithmetic average of two values on small 
masts 2 and 3 (see Figure 2.3) and reflecting slight local variations 1n 
vine row geometry such as leaf density. 
No relationship between the drag coefficient and windspeed 
for any one wind direction could be demonstrated. One would expect 
the geometry of the vinefield to be largely invariant with windspeed, 
since it is imposed by the arrangement of the vines whereas, in 
continuous vegetation, the existence of some roughness characteristic 
is partly the result of the action of shearing stress on that surface, 
Ugadawa (1966). 
Figure 3. 13 1s a plot of a drag coefficient referenced 
to an average windspeed at 0.5m. This figure is of interest for it is 
used in the analysis of sensible heat transfer to be presented in 
Chapter 5. 
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CHAPTER 4 
The Distribution of Radiant Energy Between the Soil 
and Foliage Surfaces 
Introduction 
80 
It 1s essential for the analysis of heat and vapour transfer 
to be able to partition the radiation exchanges between the soil and 
foliage surfaces, and the sky. It was not possible to measure all 
components of this partition directly so expressions were sought to 
calculate the missing components. Many other workers have also 
successfully adapted the appropriate celestial mechanics equations 
for use in digital computers (Spencer, 1965; Gloyne, 1965; 
Garnier and Ohmura, 1968, 1970; McCullough, 1968; Jenik and 
Rejmanek, 1969; Goodspeed, 1970 and Usher, 1970). Other useful 
reports were those of Bowers and Hanks, 1965; Stanhi l let al.~ 1966, 
1968, 1971; K'ondratyev, 1969; Kalma and Stanhill, 1969; ldso 
et al.~ 1969; Davies and Buttimor, 1969 and Stanhi 11, 1970 . 
The following model (given 1n outline only) is due solely 
to my supervisor, Dr I .R. Cowan, and will be published by him after 
it has been further tested with other patterned plant communities. 
The Model 
The radiation fluxes that were measured were (cf. Chapter 2): 
(i) the total net radiation to the field as a whole (~), 
(ii) the difference between sky radiation and the soil 
radiation as measured by the modified net radiometers 
(cl/); this flux is not the net radiation to the soil, 
( i i i ) the total incoming short-wave radiation; this is 
composed of the direct beam (<PS 0) and the diffuse 
' 
comp one n t (<PS , S ) , 
(iv) the reflected short-wave radiation from the field 
as a whole (<PS R), 
' 
(v) the proportion of the incoming short-wave radiation 
which is diffuse. 
The real geometry of the vine rows is idealized as depicted in Figure 
4. la. 
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There are two basic calculations used. The first is the 
amount of soil surface potentially exposed to direct solar radiation at 
any time as a fraction of the total ground area. This computation is 
simplified as the vine rows are aligned approximately north-south. 
X = 
(£ - w - h cot S) 
£ 
( 4. 1 ) 
where Sis the angle of elevation of the sun in the plane at right 
angles to the vine rows, Figure 4. lb . It can be evaluated as 
cot S = sin a cot a= sin H 
sin ¢ tan o +cos ¢ cos H 
(4.2) 
where a is the solar azimuth angle measured from the meridian; a is 
the angular solar elevation; H is the solar hour angle; ¢ the lati-
tude and o the solar declination . 
The second computation is of the proportion of diffuse 
radiation from the sky wh"ch is intercepted by the soi 1, or conversely, 
the proportion of the radiation emitted by the soil (assuming a uniform 
82 
w 
h 
~ 
(a) 
(b) 
Figure 4. l - (a) is a diagram of the simpl"fied foliage geometry used and 
(b) are the reference angles used 
f 
1, 
distribution over the entire soi 1 surface) which passes to the atmos-
phere without interception by the vines . This is 
4 f = 
TT 
TT/2 TT/2 J J x . s · na.cosa da da 
0 0 
1 2 2 _!_ 
= - [(h + (£ - w) )2 - h] 
£ 
One can proceed thus: 
let ~S O be the direct incoming solar radiation and 
' 
(4 .3) 
~S 5 be the diffuse incoming solar radiation, then the amount of 
' 
short wave radiation incident on the soil is 
Qg = x ~so+ f ~s s 
' ' 
( 4. 4) 
and on top of the vines 
(4.5) 
and on the walls of the vines by difference 
Qw = (l - X - ~) ~SD+ (l - f - ~) ~S S 
' ' 
(4.6) 
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Now assuming that the soi 1 and vine row surfaces are diffusely reflect-
ing, with coefficients r and r , it can be shown that the total 
g V 
reflected short-wave radiation from the field as a whole is 
The computed reflected solar radiation has been compared 
with the measured value for all daylight hours . The value of r used V 
was 0 . 25 and the value of r adjusted with recorded changes in soil 
g 
conditions. The range of values for r was 0 . 05 when the soi 1 surface 
g 
I I 
I 
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was at field capacity; 0 . 10 for an intermediate stage of drying and 
0. 15 for a soi 1 surface partly covered with weeds or a very dry surface 
with a partial cover of dead weeds . Figu re 4 . 2 is a plot of the 
measured and calculated values of reflected solar radiation. The agree-
ment is good. 
It is possible to calculate the short-wave contributions to 
·'· 
the total net radiation to the field(¢) and to the soil radiometer(¢"). 
These are 
<I> = Qg (1 - r) + Q + Q ( 4. 8) s g w t 
and 
.,. ( fr ] + " 9 Q ( 1 - r ) ¢ s = Q 1 -g 1 - w/9., t V 
(4.9) 
+ Q ( 1 - r (1 - f - w/9,)) w V 2h/9., 
These components are subtracted from the measured/total net radia-
tion to the field (¢) and from the reading of the soi 1 radiometer (q/' ) 
·'· 
to find the long-wave components <PL and ¢" L respectively . 
It may then be shown that the short-wave component of the net 
radiation to the soil (per unit area of field) is 
r Q (1 - f - w/ 9., ) 
¢ = Q (1 - r )+ _v_w _____ _ 
S,g g g 2h/9., 
(4 . 10) 
and the short wave component of the vine net radiation is 
(1 - f - w/ 9., ))+ r Q (1 - f - w/ 9.- ) 
g g 
h/ 9., 1 -w / 9., 
(4 . 11) 
It can also be shown that the long-wave component of the net radiation 
to the soil 1s 
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Figure 4.2 - is a plot of the calculated reflected solar 
radiation (W.m- 2) against the measured value. 
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I 
11 
<I> L,g 
;', ;', (l - f - w/£) 
= f <I> L + (<I> L - <I> L) 2h/£ 
and the long-wave component of the vine net radiation 1s 
<I> L,v 
~ _ f * * (l - f - w/£) 
= ~L <I> L - (<I> L - <PL) 2h/£ 
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(4. 12) 
(4. 13) 
It should be noted that the estimates arising from (4.10), (4.11), (4 .1 2) 
and (4. 13) are expressed as the flux per unit area of land. Therefore 
equations (4. 10) and (4. 11) together yield the short-wave component 
of the net radiation to the whole field and (4. 12) and (4. 13) together 
give the long-wave component . 
Figure 4.2 demonstrates that this model satisfactorily 
accounts for the short-wave radiation exchanges. A second verification 
is provided by estimating the difference in emissive powers of soil 
and vine foliage. Assuming an equal and uniform temperature distribution 
on the two foliage walls and tops, this difference may be written 
·'· 
" 
<PL - <I> 
w 
I 
w L.. - = g V l - f 
(4 . 14) 
An alternative estimate is to use the measurements of surface tempera-
ture to obtain 
W - W = o (T 4 g V g (4 . 15) 
where o 1s the Stephan-Boltzman constant . 
The relationship between these to estimates has been plotted 
in Figure 4.3 . Runs occurring up to 2.5 hours after dawn and after 2.5 
hours before dusk have been excluded from this comparison. It is not 
believed that this theory does not apply here but rather that these 
periods place a considerable burden on the accurate levelling of the 
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radiation instruments and, at these times of low solar elevation and 
reduced atmospheric tu r bulence, the assumption of uniformity of foliage 
temperature becomes unreasonable . 
The agreement shown in Figure 4.3 is remarkably good 
considering that the estimate (4. 14) derives from the difference 
between the readings of two pyrradiometers . It strengthens the 
supposition that the net radiation flux has been correctly partitioned 
by the model used . 
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CHAPTER 5 
The Partition of the Net Radiant Energy Flux at the Surfaces: 
Sensible Heat 
Introduction 
It was not possible to obtain independent measurements of 
evaporation from either soil or vines . Therefore the partitioning 
of the sensible heat flux from the field as a whole between the 
foliage and soil surfaces has to be inferred in some way. This has 
proved the most difficult and tentative part of the analysis. 
Results 
We proceed by supposing that the total heat flux from the 
field may be written in the form 
H 
C p 
p 
= G (T - T ) + G 
S S a V 
(T - T) 
V a 
( 5 . 1 ) 
where T and T are the surface temperatures of the soil and foliage 
S V 
respectively, T 1s an air temperature at some reference height and 
a 
the conductances G and G are complicated functions of the rate.and 
S V 
direction of air movement over the field. The influence of thermal 
stratification on these transfer coefficients may be small, as it is 
probable that most of the resistance to transfer is close to the soi 1 
and foliage surfaces. 
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This was the approach intended when the experimental strategy 
was chosen . On analysis of the data the runs were grouped into a two-
way table, one dimension being ranges of wind speed and the other 
ranges of wind direction, with the intention of regressing the sensible 
heat flux value for the field as a whole on the two temperature 
L 
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differences for each tabulated category. It was obvious that even with 
the large amount of data in toto (some four hundred runs) there were 
far too few entries in each category for this approach to be successful. 
A different approach was tried . It was hypothesized that the 
conductances, G and G , would be proportional to 'ventilation' rates 
V S 
u and u , say, close to the ground and vine surfaces. 
S V 
If we set aside 
for the moment how u and u may be determined, we may rewrite 
S V 
equation (5.1) as 
where 
and 
H 
C p 
p 
= B .u 
s s 
(T 
s 
- T ) + B .u 
a V V 
B = G /u 
s s s 
B = G /u 
V V V 
(T 
V 
- T ) 
a 
(5 . 2) 
Assuming now that B and B are independent of wind direction and wind-
s V 
speed, they may be found by carrying out the regression of sensible 
heat flux upon the two I independent' variables 
u (T - T ) 
s s a 
and u (T - T ) V V a 
Having determined the dimensionless coefficients, B and B , S V 
this way, the transfer coefficients G and G are also determined. 
S V 
If now u and u can be related to the macroscopic propertion of the 
S V 
boundary-layer over the field (wind direction and shearing stress), 
then the transfer coefficients, G and G , are also so related. 
S V 
The problem remains of the choice of appropriate 'ventilation' 
rates u and u . Many relationships were tried and the regressions 
S V 
l 
performed. The regression used was a standard one (Bailey (1959) 
p.142). The reference (T) was from the Bowen ratio 
a 
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extrapolated to l .]Sm using profile considerations. The regression 
was run first using the Bowen ratio estimate of sensible heat flux and 
then the value derived from the wind profile (cf. Chapter 3). 
The best expression for u was found to be a windspeed at a 
s 
height of 0.50m above the soil surface. Reference back to Figure 3.13 
shows how closely related this windspeed is to the shearing stress and 
wind direction. 
An appropriate u was sought using either a windspeed measured 
V 
within the foliage or one just above the foliage. The latter yielded 
the better results. A still more significant result was obtained by 
using u*, the friction velocity, as uv. This indicates that the 
transfer coefficient wi 11 be insensitive to wind direction. This seems 
mechanistically appropriate for as we have shown in Chapter 3 the drag 
on the vines is predominantly sustained by the vines, and, presumably 
by the outermost leaves which are also the most strongly irradiated. 
Assuming that the drag coefficients of these elements are invariant 
with wi ndspeed, we may regard u_,_ as a measure of the approach 
" 
velocity. 
Th i s an a l o g y was ca r r i e d f u rt he r . I t h as been exp e r i men ta l l y 
shown that heat transfer from leaves, unlike momentum dissipation is 
proportional to the square root of the approach velocity (Cowan and 
Mi lthorpe, 1968; Hunt, 1968) . The regression was computed again 
with u equal to~- The result was, however, slightly less V ,, 
significant. 
The result of five regressions are given 1n Table 5.1 in 
increasing levels of significance. Analysis I used only temperature 
94 
differences with no included windspeeds; the second used u , as u and ;, s 
u was s et to ~; the th i rd used no u w i th u set to u .,. ; the f o u rt h 
V " S V " 
used u with u set to~ with the final treatment being the 
S V " 
inclusion of u with u set to u,. The increasing significance 1s 
S V ;, 
shown by the decreasing residual variance and by the increasing size 
of the regression coefficients relative to their standard errors. 
In spite of the very significant regression finally used 
(analysis V), the plotted comparisons of calculated to measured values 
of sensible heat flux show a great deal of scatter (Figures 5.1 and 5.2). 
A component of this must undoubtedly be due to inaccuracy in the 
measurerrent of foliage/air temperature differences. These differences 
were quite smal 1 (the order of 1.0 - 4.0 degrees) because of the strong 
turbulent mixing of the atmosphere over such a rough surface. An 
almost intolerable burden was placed on the performance of the infra-
red thermometer. The remainder of the error is most probably due to 
the deficiencies of the theoretical approach. 
Writing the result of analysis Vb out 1n full, we have 
A numer ical example is 
u = 0 . 5 m/s 
s 
(T - T )= 20.0°C 
s a 
u ;', = 0. 36 m/ s 
(T 
V 
0 
- T )= 5.0 C 
a 
( 5. 3) 
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Figure 5. 1 - is a plot of the sensible heat flux (W.m~ 2) estimated 
by regression equation V (a) against the measured value from the 
Bowen ratio mast. 
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Figure 5 . 2 - is a plot of the sensible heat flux (W. m- 2) esti ma te d 
by regression equation V (b) against the measured value from t he 
wind profile . 
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Nu mber of Constant 
runs 
a I 169 I 28.0 l 
b I 169 I 25 . 1 
a 169 I 21.9 
I I 
b 169 18. 5 
a 169 25,3 
I I I 
b 169 22.4 
a 169 23.7 
IV 
b 169 22. 1 
a 169 24.3 
V 
b 169 I 22.8 I 
TAB LE 5. l 
B (x 103) 
s 
2.87 ± 0.78 
4. 11 ± .82 
8.38 ± 1.66 
1 1 . 2 ± 1 . 72 
2.92 ± 0.72 
4.06 ± 0.76 
2.93 ± .so 
3.68 ± . 52 
2.93 ± . 51 
3,68 ± . 5 3 I 
8 ( x 103) 
V 
15 . 1 ± 3.21 I 
14.5 ± 3,37 
18 .9 ± 4.64 
17.8 ± 4.81 
34,3 ± 6.31 
34.4 ± 6.59 
30.7 ± 5.80 
31 . 9 ± 6. 04 
21.2 ± 4.1 
22.0 ± 4.27 I 
Residual variance 
(x 103) 
3.06 
3,37 
2.81 
3.02 
2.94 
3.22 
2.69 
2.91 
2.07 
2.93 
1...0 
-.......J 
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-3 oc-1 With Cp p set at 1180.0 J.m . , the contributions of the two 
surfaces are 
H 44.0 W.m 
-2 
= 
soi l 
H 68.0 W.m -2 = 
vines 
Hfield =134.0 W.m 
-2 
The presence of the constant term 1n the regression (which 
varies little amongst the analyses shown in Table 5.1, may indicate a 
systematic error in the measurement of temperatures, and hence the 
calculation of the temperature differences, or it may be due to natural 
convection occuring at the soil surface. A regression, in which large 
values of (T -
s 
2 
about 17 W.m . 
T )/u 2 were rejected, reduced the constant terms to 
a s 
The changes in the level of significance, however, were 
not sufficiently great to justify the distinction being applied. 
As discussed at the beginning of this Chapter the next step 
1n the procedure is to relate the numerical values from the regression 
equations to the macroscopic properties of the boundary layer over the 
field. Neglecting the constant term, equation (5.3) may be written, 
after setting T = T , as 
S V 
G = 0.0037.u , F(i) + 0.032 . u , 
~, ~, 
( 5. 4) 
where G is the gross heat transfer coefficient and 
Here i is the angle of attack of the wind on the rows (0° when the wind 
i s pa r a l l e l an d 9 0 ° when the w i n d i s no r ma l t o the rows ) an d CO . 5 i s 
the drag coefficient of the field referred to u (see Figure 3.13). 
s 
~ -i 
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The corresponding transfer coefficient for momentum, i .e . the reciprocal 
of the resistance to momentum transfer, is 
(5 . 5) 
where c
1
_
75 
is the drag coefficient of the field referred to a wind-
speed at 1.75m. This is also a function of the attack angle of the 
wind (see Figure 3.12) . Lastly we may write 
(5.6) 
-1 
where B is the parameter used as a measure of the disparity between 
momentum and heat transfer for any surface (Thom, 1972). The two 
function, G, G1 are plotted as functions of attack angle and for two 
1 f F. 5 3 d B-l . F. 5 4 va ues o u~ 1n 1gure . an 1n 1gure .. 
,. 
The gross conductance for heat G, which is linea rl y scaled 
to u_,_, shows a comparatively large increase as the attack angle 
,. 
approaches zero. This indicates the potential of the soil surface to 
contribute to the total exchange. The gross conductance for momentum 
g 1 , which is also linearly scaled to u,, shows the opposite behaviour 
-;, 
by approaching a maximum at large attack angles . The dimensionless 
-1 parameter B in Figure 5.4 reflects the difference in the aerodynamic 
resistance for heat transfer compared with that for momentum for the 
whole surface . It can be seen from equations (5 . 4) and (5.5) that B-l 
will be independent of u~ provided the drag coefficients are independent 
,. 
of u, . The difference 1n transfer resistance is large; the B-l value 
;t 
for the field varies from about 15 . 0 - 23 . 0 whereas a value for 
I 
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Figure 5.4 - is a plot of the dimensionless B-l against attack angle 
(Degrees). 
I 
short grass is approximately 4.0, (Thom, 1972). The disparity is 
least at a wind attack angle of zero and a maximum at attack angles 
0 greater than 70 . This has implications for the use of Aerodynamic 
or Combination methods for measuring evaporation from vine fields or 
other sparse plant communities and wi 11 be discussed in Chapter 6. 
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Let us now consider the relation of the transfer character-
istics of the vine field to transfer in the planetary boundary- layer. 
In terms of the total conductance to heat or momentum 1n the first 
100m (and neglecting the effect of differences in KH and Km), 1s the 
relatively large difference between G and G' determined at the 
reference height significant? For example at u~ = 0.25 m/s, G has a 
" 
-3 value of 10 x 10 m/s. This conductance is equivalent (assuming 
neutral conditions) to a conductance extending from the reference 
height (l .75 - 0.25)m, here corrected for z ' 0 
earth's boundary- layer z, where z is given by 
10 X 10-3 = 
J 
z 
1.5 
dz 
K 
= k LI, 
'' 
ln z/1.5 
1 .e. ln z ~ 10 . 4 . 
to some height in the 
The value derived above is much too large to have any 
physical meaning. We may conclude from this that the additional 
resistance to heat transfer, as compared with momentum transfer, 1n 
the vicinity of the vinefield surface is large compared to transfer 
in the planetary boundary layer. The influence of the underlying 
surface on the flux-gradient relationships in the atmosphere above 1s 
I 
I 
I I 
an area of debate (Sibbons, 1968) and the wider implications of the 
above results lie outside the scope of this thesis. 
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CHAPTER 6 
The Partition of the Net Radiant Energy Flux 
at the Surface: Latent Heat 
Introduction 
105 
We have proceeded in the analysis by calculating the distribu-
tion of radiant energy between soil and foliage surfaces and, by deriving 
a regression model, to calculate the components of these energy fluxes 
which are dissipated in the form of sensible heat. It remains now to 
calculate the flux of latent heat by difference. 
Results 
The rates of evaporation from the soil and vine foliage were 
determined as the differences between the radiant energy supplied to 
the respective surfaces and the calculated loss of sensible heat as 
determined by equation (5.3). In the determination of the evaporation 
from the soi 1, the measured soil heat flux value was also included. The 
values of the soil and foliage evaporation when added together agree 
well with the measured value for the whole field, Figure 6.1 . This 1s 
not surprising since the sensible heat flux normally 1s the smaller 
part of the total energy balance. 
One can proceed further by assuming that the transfer 
coefficients determined for heat are also appropriate for the transfer 
of water vapour. However, the actual evaporation from each surface 
' 
cannot be calculated since the appropriate differences in specific 
humidity were not measured. All that can be done is to calculate a 
'potential I or 'virtual I evaporation by taking the surface humidity as 
the saturation humidity at the surface temperature . The reference 
specific humidity in equation (5.3) was that at 1. 75m calculated in an 
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Figure 6 .1 - is a plot of the latent heat flux (\:.m- 2 ) calculated 
from regression equation V (~) and from the distribution of 
rad i a t i on a g a i n s t the meas u red f l u x f r om the Gowen r a t i o me tho a . 
analagous way to the reference temperature used 1n the regression 
analysis. 
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The calculations were done on the one hundred and sixty nine 
runs that were used in the sensible heat transfer analysis. It is 
difficult to present the results, since no complete day's running has 
survived the run selection criteria, even though there are obvious 
trends within the data. We may calculate a Bowen ratio for foliage 
(Sv) and for soi 1 (Ss) and examine these throughout one day. For 
foliage one can assume that Sv wi 11 be a function of stomatal conduct-
ance; whereas for soi 1 the partitioning of the net radiation flux at 
the surface into either sensible heat, latent heat or soi 1 flux wi 11 
be i n f 1 ue n ce d by the I con duct i ve cap a c i t i es 1 ( P r i es t 1 e y , 19 6 8) of the 
two media, the soi 1 and the atmosphere. The values of S and S wi 11 
S V 
also depend on atmospheric humidity and temperature which may vary 
1n a quite unrelated way to the surface properties in question. 
One may investigate instead the ratio of the estimated evapora-
tion to the calculated potential evaporation to test this analysis of 
evaporation against field observations. One such instance for soi ls 
is a day of clear skies and large radiation fluxes when the first field 
observations of change of soi 1 colour, cracking etc. were made. 
Figure 6.2 presents this ratio as a function of time of day. It was 
also possible to correlate changes in this ratio with rain. 
If we now examine the ratio of calculated vine evaporation to 
the calculated potential evaporation we find it is usually of the order 
0.2 - 0.5. A random sample of thirty values gave a mean of 0.41 with a 
standard deviation of ±0. 19. This indicates the important role of 
the stomatal conductance in controlling water loss. I believe that 
this may be a characteristic of sparse plant communities where 1n 
108 
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Figure 6 . 2 - is a plot of the ratio of the calculated evaporation from 
the soil to the 'potential I evaporation against the time of day (hours). 
The visua l field observations are as follows: a, light rain fell 
during the night (3mm); b, surface clods changing colour; 
c , soi l surface changing colour; d, soil surface changing colour and 
surface cracks appearing. 
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the individual plant canopy is intensely ventilated, as opposed to 
continuous agricultural crop canopies conforming to the Penman ideotype 
of I dense, green and we 11-wate red 1 (Penman, 1948) . 
The analysis presented in Chapter 5 has, in principle, 
provided the information to establish a 'Combination Method' formula, of 
greater than usual complexity, for this vine field (see Cowan, 1968; 
Thom, 1972). It would be unprofitable to do so for evaporation from 
such patterned plant communities is not primarily a meteorological 
phenomenon. 
To investigate in more detail the role of stomatal conductance 
in control ling evaporation we write 
A p [q I (T ) - q J 
V a 
( 6 . 1 ) 
where q 1s the reference specific humidity at 1. 75m; q' the saturated 
a 
specific humidity at foliage temperature; and G£ is a leaf conductance 
in series with the external atmospheric conductance G . This is an 
V 
approximate formulation for we are summing together in parallel the 
contributions of many leaves, each with a differing microclimate . Now 
by using the 'potential I evaporation (AE') previously calculated and 
defined as 
AE I = G A p [ q I (T ) - q J 
V V V a 
(6 . 2) 
we may by substitution obtain 
( 6 . 3) 
l l 0 
These values have been calculated for all the runs used 
previously in the regression analysis. The results may be compared with 
the direct observations of stomatal conductance G£ in the field . Only 
values measured on leaves recorded as being illuminated have been used . 
A representative comparison for one day is reproduced in Figure 6.3. 
A surge in G£, not matched by Gi can be noted. This is 
unfortunately an artifact of our analysis for it can be correlated with 
large (2.0 - 3.0°c) differences between the two foliage walls. Normally 
there is tight coupling of both foliage faces to air temperature, an 
assumption underlying our analysis, however at this time of the day the 
wind speeds are generally low and the solar radiation distribution very 
uneven. In spite of this, the calculated conductances are otherwise 
sensible. They are larger than the porometer values for a single 
leaf; reflecting in a complex way the amount of leaf area involved . 
A useful discussion of this phenomena has been given by Monteith (1965) . 
In these data the ratio G£/Gi is about 2; a gross simplification would 
be to attribute this to just two leaf layers contributing in pa rallel. 
Analysis of relationship found here must be qualitative terms only 
since the necessary canopy microclimate measurements are not available. 
We have to consider both the transport away from the leaf 
surface and its radiation environment; the latter is important in 
determining the degree of stomatal opening. The vine canopy was compact 
and dense all™ing very little air flow (0.0 - 0.25 m/s) (cf. Landsberg 
and Thom, 1971). Casual porometer measurements on leaves well into the 
canopy always gave very low stomatal conductance values suggesting 
a stomatal aperture/illumination relationship similar to that found by 
others (Kanemasu and Tanner, 1969; Turner, 1969) . Together these 
two points suggest that vine canopy behaved as an exchange surface rather 
than an exchange volume . 
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Figure 6.3 - i s a plot of tne calculated conductance for the \-Jhole 
folia~e 1c.cri symuo l) and the mean measured conductance (full 
5/m.Jcl) ag~inst time of day (E.S.T.). T11e vertical scale is a 
logari t .r.ic one. 
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Both G£ and Gi can be correlated with the intensity of solar 
radiation falling on the foliage. In the radiation model outlined in 
Chapter 4 the solar radiation falling on the canopy top (Qt) and on 
the canopy walls (~) is calculated. Figure 6.4 is a plot of grouped 
values of G£ and G£ against (Qt+~). Whi 1st the scatter is large, 
response curves of similar form can be drawn. This underlines the 
physiological nature of the calculated G£. 
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Figure 6.4 - is a plot of the mean (± s . d.) of grouped values of the 
calculated conductance for the foliage and the measured conductance 
for a sing le leaf against calculated solar radiation intercepted by 
the f o 1 i age . 
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CHAPTER 7 
Summary and Conclusions 
The purpose of the research presented in this thesis was to 
investigate the applicability of micrometeorological methods for the 
estimation of heat and water vapour fluxes from a patterned plant 
community and to investigate the influence of surface geometry and 
other factors in determining the partition of radiant energy into 
sensible and latent heat. Contributions have been made to the under-
standing of both parts of the problem. 
It has been found that the horizontal gradients of windspeed, 
temperature and humidity are not propagated to a great height above 
the vine ra.-vs. Rather these gradients appear to be dissipated at 
approximately two vine heights above the surface. The evidence for 
this was not presented as such but it is evident from subsequent 
analyses that a constant-flux layer does exist. The depth of boundary-
layer wi ll be dependent on the fetch scaled to the roughness coefficient 
(z) of the site. Within this layer micrometeorological techniques 
0 
that are independent of the nature of the surface, eddy-correlation or 
Bowen ratio - surface energy balance, wi 11 be successful. 
The measurements made 1n the boundary layer have been analysed 
1n two different ways to obtain estimates of the shearing stress on the 
field. The first approach which made use of a general relationship 
between the Monin-Obukhov universal functions for heat and momentum 
permitted the estimation of a friction velocity which was then used to 
calculate the Monin-Obukhov length (L) and investigate the dependence 
of¢ on z/L. This was done in the range of atmospheric instability 
m 
encountered and was found to agree with a form suggested by Dyer and 
II 
116 
Hicks but with a small constant discrepancy. Suggestions for this dis-
crepancy are advanced. 
The second approach used involved the calculation of L from 
temperature gradient data only and then the substitution of this 
parameter into the published forms of the universal functions from which 
we may calculate a friction velocity and a sensible heat flux. 
The agreement between the estimates of sensible heat is good. 
It suggests that the friction velocities calculated by either method can 
be used with some confidence. The discrepancies between the two heat 
fluxes, though small, show a regular pattern with time of day which was 
not satisfactorily explained. 
The drag characteristics of the field as a whole were 
investigated as a function of wind direction. The drag coefficient 
found to be tightly coupled to wind direction but independent of 
windspeed. This demonstrates that it is the vine foliage which 
absorbs most of the momentum. 
In summary, the gross boundary-layer studies have demonstrated 
that measurements of sensible and latent heat fluxes can be made 
over this surface using standard micrometeorological techniques. The 
estimates of the friction velocity also derived may be used to 
investigate the drag characteristics of the field as a whole and to 
scale transfer processes at the surface. 
The radiation measurements collected in the field were in-
adequate in themselves to completely account for the distribution of 
the radiation fluxes between the soil and foliage surfaces. A model 
was developed by Dr I .R. Cowan and used by me to achieve this distribu-
tion. Two test comparisons of measured against calculated radiation 
1, 
fluxes were in good agreement. It can be concluded that this model 
correctly proportions the radiation fluxes. 
l l 7 
The partitioning of the net radiation fluxes to both soil and 
foliage surfaces was attempted by an analysis of the transfer of 
sensible heat. A relationship was proposed involving surface tempera-
tures and windspeeds close to the surfaces. Regression of the 
sensible heat flux from the field as a whole upon sound combinations 
of the above enabled a final relationship to be struck. The coeffic-
ients in this relation could in turn be related back to the friction 
velocity. From this relationship conductances for heat and momentum 
for the field as a whole were derived. An examination of these con-
ductances as a function of wind direction emphasizes the different 
coupling of the soil and foliage surfaces to the boundary-layer above. 
By transforming these two conductances, the difference 
between the aerodynamic resistances for heat and momentum close to the 
surface was determined as a function of wind direction. The implica-
tion of the large disparity found for 1 Combination 1 - or 1 Aerodynamic 1 -
type equations for routine measurements of evaporation is discussed 
along with some speculation about the possible influence on mesa-
scale meteorological phenomena. 
Having calculated the sensible heat fluxes, the latent hea t 
fluxes may be found by difference. In a similar fashion to the cal-
culation of sensible heat, a 'potential I evaporation maybe calculated, 
these two terms were used to give information about the factors cont ro l l ing 
the vapour fluxes from these surfaces. Whi 1st the soi 1 surface 
behaved predictably it was apparent that the foliage evaporation was 
rarely more than half of the potential rate. This was attributed to 
a finite stomatal conductance. 
l l 8 
This was investigated further by the formulation of a foliage 
conductance term which was compared with actual measurements of stomatal 
conductance. That the two were closely related was shown by their 
behaviour throughout the day and their response to illumination. 
In summary relationships have been derived for the vine 
field to relate the partition of the net radiation fluxes at the two 
surfaces, and the foliage in particular, to the surface geometry and 
to physiological factors. 
